West, John B. Potential use of oxygen enrichment of room air in mountain resorts. High Alt Med Biol 3:59-64, 2002.-Oxygen enrichment of room air has proved to be valuable for people who need to work at altitudes of 4000 m and above. In the present study the feasibility of using the same technique in ski and other mountain resorts at the lower altitudes of 2500 to 4000 m is considered. Although many people find these altitudes invigorating, some are distressed by the hypoxia, especially at night. The analysis shows that all resorts up to an altitude of 3250 m (10,600 ft) can have the equivalent altitude reduced to 1000 m (3280 ft) by oxygen enrichment without incurring a fire hazard. (The equivalent altitude is that which provides the same inspired P O 2 during air breathing.) Even resorts or laboratories as high as 4250 m can have the equivalent altitude safely reduced to 1500 m, that is, lower than the altitude of Denver, Colorado. This application of oxygen enrichment is likely to be most valuable for improving sleep and assisting in the initial acclimatization process.
INTRODUCTION P
EOPLE WHO ARE REQUIRED to work at altitudes of 4000 m and above can benefit from oxygen enrichment of room air (West, 1995; Luks et al., 1998; Gerard et al., 2000; McElroy et al., 2000; West, 2001 ). The reason is that the hypoxia associated with the altitude impairs mental performance, work efficiency, sleep quality, and general well being (Barcroft et al., 1923) . As an example, oxygen enrichment is being used in a telescope facility in north Chile at an altitude of 5050 m with considerable benefits to the astronomers (West, 2000) . In addition, there are plans to install a telescope as high as 5800 m in the same area, and doing scientific work at this very high altitude without oxygen enrichment of room air would pose almost insuperable problems.
Recently, the possibility of using oxygen enrichment of room air at mountain resorts, including ski lodges, has been raised. Some of these facilities are at substantial altitudes, especially in the Americas. For example, Table 1 shows that the base altitudes of some ski resorts, that is, where accommodation is often found, are over 3000 m. The altitude record for a ski resort is probably in Chacaltaya, near La Paz, Bolivia, where the altitude of the base is 5200 m.
WEST
Most people who go to a mountain or ski resort enjoy the clear, fresh, rarified air. However, a small group of people cannot tolerate altitudes over 2500 m and therefore cannot stay at these altitudes to ski or walk, much as they would like to. A larger group of people generally enjoy staying at the resort, but have miserable nights because of seriously disturbed sleep.
For these reasons, the possibility of having oxygen-enriched rooms at high mountain resorts has been raised on several occasions. The purpose of this article is to analyze the potential of oxygen enrichment at these moderately high altitudes, with particular reference to the possible benefits, hazards, and principles of implementation, especially the potential fire hazard that might be caused by the added oxygen.
METHODS
The method of analysis closely follows that used in a previous article (West, 2001) , where the emphasis was on the problems of people who are required to work at much higher altitudes than those considered here. The steps in the analysis can be seen by referring to Table 2 . Columns (1) and (2) show the altitudes in kilometers (km) and feet (ft) for every 250 m of altitude up to 5 km. Column (3) is the barometric pressure for each altitude based on the Model Atmosphere Equation (West, 1996) . As noted in the Discussion, these pressures may slightly overestimate those in North American ski resorts in the winter, but additional calculations using the Standard Atmosphere (NOAA, 1976) , which considerably underestimates the pressures, give the same overall conclusions. Column (4) shows the inspired P O 2 for air breathing based on the barometric pressure shown in column (3). Column (5) shows the maximal oxygen concentration in room air that does not increase the burning rate above the sea level value as described by the National Fire Protection Association (1999). The appropriate equation is O 2 (%) 5 23.45/P 0.5 where P is the total pressure in atmospheres. In other words, this is the oxygen concentration for an "atmosphere of increased burning rate" (see Discussion). Column (6) shows the inspired P O 2 corresponding to the oxygen concentrations shown in column (5) and the barometric pressures in column (3).
Column (7) shows the equivalent barometric pressure, that is, the barometric pressure that would give the inspired P O 2 shown in column Mooney (1994) .
Altitude
(6) if air were being breathed. Column (8) shows the equivalent altitude defined in the same way, that is, the altitude that gives the same inspired P O 2 (column (6)) when air is breathed. Column (9) shows the room oxygen concentration that would give an equivalent altitude of 0.5 km. As an example, at an altitude of 2 km with 25% O 2 in the room, the inspired P O 2 is the same as at an altitude of 0.5 km during air breathing (140.5 mmHg). The asterisks in the lower part of column (9) indicate that at these altitudes it is not possible to provide a safe oxygen concentration in the room to reduce the equivalent altitude in the room to 0.5 km because of the fire hazard. In other words, the O 2 concentrations that would be necessary would exceed the maximal safe concentrations shown in column (5). Column (10) shows the results of the same calculation, but for an altitude equivalent of 1 km. The asterisks in the lower part of column (10) indicate that it is not possible to provide safe oxygen concentrations at altitudes over 3.25 km to reduce the equivalent altitude to 1 km. Column (11) shows the same analysis for an equivalent altitude of 1.5 km. Figure 1 summarizes the room oxygen concentrations necessary to reduce the equivalent altitudes to 0.5, 1.0, and 1.5 km, respectively. Table 2 and Fig. 1 demonstrate that it is remarkably easy to safely reduce the equivalent altitude at most mountain resorts using oxygen enrichment of room air. We can summarize the conclusions as follows:
RESULTS
1. All resorts up to an altitude of 2.5 km (8200 ft) can have the equivalent altitude safely reduced to 0.5 km (1640 ft). Of course, an altitude of 0.5 km represents a trivial degree of hypoxia. 2. All resorts up to an altitude of 3.25 km (10,660 ft) can have the equivalent altitude safely reduced to 1.0 km (3280 ft). Again, an altitude of 1 km is so low that few people will be aware of the hypoxia. 3. For higher resorts or laboratories up to altitudes of 4.25 km (13,940 ft), the equivalent altitude can be safely reduced to 1.5 km (4920 ft). This is lower than the altitude of Denver, Colorado. 4. At many typical ski resorts, for example, Aspen and Vail in Colorado, which are at altitudes of about 2.5 km (8200 ft), a room oxygen concentration of 25% reduces the equivalent altitude to only 1.0 km (3280 ft). At this altitude the maximal safe value for oxygen enrichment is 27%.
DISCUSSION

Indications for oxygen enrichment at these moderate altitudes
These can be divided into the following two groups.
Improved sleep.
Many people who go to altitudes of 2500 to 3000 m have little difficulty with the hypoxia during the day, but complain of severe problems with sleep. Typically, this is disturbed with frequent arousals, marked periodic breathing, and incessant dreaming. A common complaint is not feeling refreshed in the morning. Oxygen enrichment improves sleep by reducing the number of arousals and the time spent in periodic breathing, and subjects feel better in the morning and have improved daytime performance compared with sleeping in ambient air (Luks et al., 1998) .
Assisted acclimatization.
The best way to acclimatize to high altitude is to ascend slowly. However, this is not feasible for people who want to go skiing for a week. With oxygen enrichment, a more gradual "ascent" is possible if the first two or three nights are spent at an equivalent altitude of, say, 1500 to 2000 m before spending the whole 24 h at the base altitude of 2500 to 3000 m. These people would only use the oxygen-enriched room for the first 2 or 3 days of their stay.
Feasibility of oxygen enrichment at these moderate altitudes
The results shown in Table 2 and Fig. 1 demonstrate that oxygen enrichment of room air can be achieved at these moderate altitudes without incurring a fire hazard. For example, locations up to an altitude of 3.25 km, which includes essentially all popular ski and other mountain resorts, can have the equivalent altitude reduced to only 1 km using safe levels of oxygen enrichment. Even resorts or laboratories as high as 4.25 km can safely reduce the equivalent altitude to only 1.5 km. Since 1.5 km is less than the altitude of Denver, even people with an unusual sensitivity to high altitudes should have little or no difficulty sleeping while in an oxygen-enriched environment.
Hazards of oxygen enrichment 1. Reduction in acclimatization.
Although the analysis shows that it is safe to provide an oxygen-enriched room at an altitude of 2.5 km, which would reduce the equivalent altitude to 0.5 km, it is questionable whether such a high degree of oxygen enrichment should be used. A person who spends the whole night at such a low equivalent altitude may lose useful acclimatization and be poorly prepared for outdoor activities during the following day. This is particularly likely to be the case if the person is a keen skier and takes a lift to the top of the mountain, which at many resorts is as high as 3400 to 3700 m. In other words, the data shown in column (9) of Table 2 are mainly to emphasize the extraordinary power of oxygen enrichment of room air, rather than to recommend these values. A more practicable strategy would be to reduce the altitude equivalent to 1 or 1.5
FIG. 1.
Oxygen concentrations required to reduce the equivalent altitude to 0.5, 1.0 and 1.5 km, respectively. Note that at a typical mountain resort, altitude 2.5 km (8200 ft), the equivalent altitude can be reduced to 1.0 km by enriching the oxygen concentration in the room to 25%.
km [columns (10) and (11)], especially if people want to ski at higher altitudes during the day.
Fire hazard.
Fire is another hazard and this has been discussed extensively elsewhere (West, 1997; West, 2001 ). The present analysis uses the guidelines of the National Fire Protection Association (1999) for determining safe maximal oxygen concentrations in room air. These are based on the burning rates of filter paper strips and other materials. Even so, it is prudent to take some precautions, such as prohibiting naked flames or cigarette smoking in the oxygen-enriched room. It also makes sense to prohibit the use of flammable gases and liquids. Very volatile liquids need special handling at high altitude, and there is some evidence that they may ignite more easily and their vapors may spread more readily than at sea level, even in the absence of oxygen enrichment (Napier and West, 1998) . These restrictions should not result in any serious inconvenience in practice.
Barometric pressure-altitude relationship used in this analysis
The results shown in Table 2 are based on the Model Atmosphere Equation, which has been shown to fit well with measurements made at many populated high altitude sites (West, 1996) . However, in the winter skiing season in North America, barometric pressures are likely to be a little lower than those predicted from this equation. For this reason, the full analysis shown in Table 2 was also carried out using the U.S. Standard Atmosphere (NOAA, 1976) , which generally predicts pressures substantially lower than those actually found at the latitudes of ski resorts. The analysis showed that the values in columns (9), (10), and (11) were essentially unaffected by using the different barometric pressure-altitude relationship. Of course, using the Standard Atmosphere resulted in lower values of barometric pressure and inspired P O 2 in columns (3) and (4). The reason why the values in columns (9), (10), and (11) were essentially unaffected is that all the barometric pressures fall approximately proportionally, so the pressures for the equivalent altitudes are also reduced.
Implementation of oxygen enrichment in mountain resorts
Previous publications have described the principles of providing oxygen-enriched rooms at high altitude (West, 1995; Luks et al., 1998) . The room needs to be constructed so that it has relatively few air leaks, although it is certainly not necessary to have it completely sealed. For example, the oxygen-enriched room at the White Mountain Research Station (3800 m), where much of the work on the feasibility of the technique has been done, has the incoming ventilation delivered by a fan in a duct, but there is no duct to allow the escape of air. This simply occurs through random leaks. Any windows should be sealed, and it is necessary to have a double door to act as an airlock. The ventilation rate is set at about 150 L?min 21 per person, and this conforms to the 1975 ASHRAE standard (ASHRAE Standard 90-75, 1975) . Fresh air to ventilate the room comes in through a pipe provided with a small electric fan, the speed of which can be varied. The oxygen from the concentrators enters the ventilation duct downstream of the fan.
Oxygen is generated outside the room using a commercial oxygen concentrator, for example, AirSep New Life (AirSep Corporation, Buffalo, NY), or a similar unit. This produces 5 L of about 95% oxygen per minute. As a rule of thumb, one concentrator is required to raise the oxygen concentration by about 3% with one person in the room. Therefore, a room designed for two people with an oxygen concentration of 26% would require three or four concentrators connected in parallel. The power consumption of each concentrator is about 350 W, so the total power is only about 1.05 to 1.4 kW.
The oxygen concentration in the room should be monitored, and it would be prudent to have an alarm that indicated if the concentration deviated too far below or above the target concentration. In practice, we have found over several years of experience with room oxygen enrichment that, once the settings have been established, the oxygen concentration remains very stable. It is also useful to monitor the carbon dioxide concentration in the room. This is normally kept below 0.3%. The reason for measuring the carbon dioxide concentration is because it is a useful index of the level of ven-64 WEST tilation. Note that the carbon dioxide concentration can rise to much higher levels without creating a hazard or becoming noticeable.
Various configurations for the oxygen-enriched space are possible. However, the facility is likely to be most useful when it is used for sleeping, because it is during the night that the deleterious effects of the hypoxia of high altitude are most severe. One possible configuration would be to have an oxygen-enriched alcove containing one or two beds within a larger room. If the walls of the alcove were mainly glass, this could be esthetically pleasing and not at all claustrophobic. The oxygen concentrators would be located outside the larger room.
Another possible arrangement would be to use a tentlike structure over the bed. These are now extensively employed for athletes who wish to sleep at a simulated high altitude in order to improve red cell production and therefore subsequent athletic performance. Several commercial models are available. However, it would be prudent to monitor both the oxygen and carbon dioxide concentrations within the tent to make sure that no fire hazard occurred, on the one hand, and that adequate ventilation was maintained, on the other.
